Abstract Purpose: DNA damage checkpoints are initiated by its sensor proteins of the phosphoinositide-3-kinase^related protein kinase family, including ataxia-telangiectasia mutated, ataxia-telangiectasia and Rad3-related, and DNA-dependent protein kinase catalytic subunit (DNA-PKcs). We hypothesized that polymorphisms in these genes may alter the regulation of DNA repair and the risk of lung cancer. Experimental Design: We genotyped 12 tagging single nucleotide polymorphisms (tSNP) in these three phosphoinositide-3-kinase^related protein kinase genes in 500 incident lung cancer cases and 517 controls in a Chinese population by using the Illumina SNP genotyping BeadLab platform. Results: Single locus analyses revealed that some of the heterozygotes or variant homozygotes of DNA-PKcs tSNPs were associated with decreased risks of lung cancer compared with their wild-type homozygotes. In the combined analyses of two tSNPs (rs8178085 and rs12334811) with approaching dose-dependent effect on lung cancer predisposition, subjects carrying two to four risk genotypes were associated with a 43% decreased lung cancer risk compared with subjects carrying zero to one risk genotypes (adjusted odds ratio, 0.53; 95% confidence interval, 0.35-0.80). Moreover, the decreased risk associated with the combined genotypes of rs8178085 and rs12334811was slightly more pronounced in nonsmokers and in carriers with ataxia-telangiectasia mutated rs228591 variant allele or ataxia-telangiectasia and Rad3-related rs6782400 wild-type homozygous genotype. Conclusion:These results indicate, for the first time, that tSNPs in DNA-PKcs may play a protective role in lung cancer development.
Disruption of ATR causes cell lethality (9) , whereas ATM defects give rise to ataxia-telangiectasia, a debilitating human neurodegenerative and cancer predisposition disease (9, 10) . Bartkova et al. reported that in clinical specimens from different stages of human tumors of the lung, urinary bladder, breast, colon, and also early precursor lesions, markers of an activated DNA damage response were commonly expressed, including phosphorylated ATM, H2AX, and p53. This PIKKregulated DNA damage response network can delay or prevent cancer early in tumorigenesis before genomic instability and malignant conversion (11) . Genetic variants in ATM/ATR have been extensively studied in multiple cancers, including lung cancer (12 -14) . Although DNA-PKcs has a role that partly overlaps with that of ATM, polymorphisms in DNA-PKcs have been rarely investigated in cancer susceptibility (15, 16) . Here, we assessed the association between common variants across the DNA-PKcs gene region and lung cancer susceptibility. In addition, we also included two representative single nucleotide polymorphisms (SNP) in ATM/ ATR to elucidate their possible gene-gene interactions in the etiology of lung cancer.
Materials and Methods
Study populations. The study population and subject characteristics were described elsewhere (17) . In brief, this hospital-based case-control study included 500 histopathologically confirmed incident lung cancer patients and 517 cancer-free controls, frequency-matched to the cases on age, sex, and residential areas. Pack-years smoked [(cigarettes per day Ä 20) Â years smoked] were calculated to indicate the cumulative smoking dose. Family history of cancer was defined as any self-reported cancer in first-degree relatives (parents, siblings, or children). The study was approved by the institutional review boards of Nanjing Medical University.
SNP selection and genotyping assays. Human DNA-PKcs gene had 556 SNPs in National Center for Biotechnology Information dbSNP database (build 127), 43 of which were common (i.e., minor allele frequency z 0.05) among Asian or Chinese populations. The HapMap public SNP database (HapMap Data Rel#22/PhaseII Apr07, dbSNP build 126, Chr8:48,847,222..49,036,295, 1,000 bp upstream and downstream DNA-PKcs 5 ¶ and 3 ¶ untranslated region) provided a dense coverage across DNA-PKcs with 225 SNPs genotyped, including 31 common SNPs among Chinese. We then selected 10 tagging SNPs (tSNP) using a pairwise Tagger method with a r 2 cutoff value of 0.8 to capture all the common SNPs in DNA-PKcs and the mean of r 2 is 0.975. For ATM and ATR, we chose only one representative tSNP that captures most SNPs in each gene based on the HapMap database (ATM: rs228591 and ATR: rs6782400). Because ATM rs609429 and rs664143 are positively associated with lung cancer risk in two reported studies (12, 13) , we first genotyped ATM rs228591, ATM rs609429, and ATM rs664143 in a pilot study with 96 controls and found that rs228591 was in highly linkage disequilibrium with both rs609429 (D ¶ = 0.973; r 2 = 0.923) and rs664143 (D ¶ = 1.000; r 2 = 0.974). For the potentially functional SNP in ATR (rs2227928, T211M) as previously reported (14), we also found that ATR rs2227928 was in complete linkage disequilibrium with ATR rs6782400 (HapMap Data Rel#22/PhaseII Apr07). Therefore, for these 14 SNPs, we continued the genotyping for 10 tSNPs of DNA-PKcs, 1 tSNP of ATM (rs228591), and 1 tSNP of ATR (rs6782400) that were included in the final analysis.
Ten of the 14 SNPs were genotyped by using the Illumina SNP genotyping BeadLab platform at Chinese National Human Genome Center at Shanghai and the rest 4 SNPs (rs4873772, rs12334811, rs609429, and rs664143) were genotyped by using the PCR-RFLP assay at Cancer Research Center of Nanjing Medical University. The information on the PCR-RFLP assays is presented in Table 1 and the information on the Illumina assay conditions is available on request. For the Illumina high-throughput genotyping platform, routine quality control method was used as the Chinese National Human Genome Center at Shanghai used in their work for the international HapMap project (i.e., one blank well and three repeated samples). The repeated samples were randomly chosen from each 96-well assay plate so that we could find if contamination occurred and judge the clusters of genotype. The assay products were hybridized to high-density, beadbased microarrays and imaged on the Sherlock scanner. The ''GenCall'' software runs clustering and calling algorithms with the genotyping result output. We used the ''GenCall score'' as calling criteria, and the loci with >0.25 were reserved. For the PCR-RFLP assay, genotyping was done without knowing the subjects' case and control status, and almost the same number of cases and controls was assayed in each 96-well PCR plate with a positive control of a DNA sample with known heterozygous genotype. Ten percent of the samples were randomly selected to do the repeated assays. Furthermore, 96 samples of the SNP rs7003908 were randomly selected to verify the results by Illumina BeadLab platform by using the PCR-RFLP assay, and the results were 100% concordant.
Statistical analysis. The Hardy-Weinberg equilibrium test was done for each genotyped SNP among controls. Differences in select demographic variables, smoking status, pack-years smoked, and frequencies of the PIKK genotypes between the cases and controls were evaluated by using the m 2 test. The associations between PIKK variants and lung cancer risk were estimated by computing the odds ratios (OR) and 95% confidence intervals (95% CI) from both univariate and multivariate logistic regression analyses. The association between combined DNA-PKcs (rs12334811 and rs8178085) genotypes and lung cancer risk was also evaluated by stratification analyses by age, sex, smoking status, histologic classifications, and ATM/ATR genetic variants. The potential gene-environment interaction was evaluated by logistic regression analysis and tested by comparing the changes in deviance (-2 log likelihood) between the models of main effects with or without the interaction term. All the statistical analyses were done with Statistical Analysis System software (v.9.1.3; SAS Institute).
Results
The distribution of selected characteristics between lung cancer patients and controls was previously described (17) . Overall, our frequency matching on age and sex was adequate (P = 0.661 for age and P = 1.000 for gender). Smoking and family history of cancer in first-degree relatives were significant risk factors for lung cancer. Of the 500 cancer patients, 229 were adenocarcinoma, 141 were squamous cell carcinoma, 34 were small cell carcinoma, and 96 were large cell, mixed cell, or undifferentiated carcinomas.
The position and minor allele frequency among Chinese of the 14 SNPs in HapMap database were presented in Table 2 . All SNPs were in Hardy-Weinberg equilibrium among controls, except for rs12334811, rs8178095, and rs7003908. Single locus analyses revealed that the heterozygotes or variant homozygotes of several SNPs in DNA-PKcs were associated with a significantly decreased risk of lung cancer (OR, 0.28; 95% CI, 0.09-0.89 and OR, 0.33; 95% CI, 0.13-0.84 for rs12334811 and rs4873737 variant homozygotes, respectively; OR, 0.65; 95% CI, 0.44-0.95 and OR, 0.76; 95% CI, 0.59-1.00 for rs8178085 and rs7003908 heterozygotes, respectively) compared with their wild-type homozygotes, respectively, and a dose response of the allele effect was found for the rs8178085 SNP with a P trend value of 0.010 and approaching for the rs12334811 SNP with a P trend value of 0.067 (Table 3) .
We then combined the two tSNPs (rs8178085 and rs12334811) with approaching dose-dependent effect on lung cancer predisposition. We found that subjects carrying two to four risk genotypes were associated with a 43% decreased lung cancer risk compared with subjects carrying zero to one risk genotypes (adjusted OR, 0.53; 95% CI, 0.35-0.80; Table 4 ). Moreover, the decreased risk associated with the combined (Table 4) .
Discussion
In this hospital-based case-control study, we investigated the association of tSNPs of PIKK genes and the susceptibility to lung cancer in a Chinese population. Our results provided evidence, for the first time, that tSNPs in DNA-PKcs may play a protective role in lung cancer development. However, no main effect was found for either ATM rs228591 or ATR rs6782400 on lung cancer risk.
Recruitment of DNA damage-associated PIKKs to DNA lesions is thought to be a principal step in their activation and function in checkpoint signaling and DNA repair (7) . An early event in the cascade of the activated DNA damage response is the massive phosphorylation of a histone protein variant called H2AX, which could be ATM dependent following DNA double-strand break induction (18) and ATR dependent following replication stress (19) . Phosphorylated H2AX (called g-H2AX) is thought to be essential for further recruitment of repair factors, such as the MRN complex, 53BP1, MDC1, RAD51, and BRCA1, serving as an important step that determines subsequent events in the signal transduction pathway (20 -23) . Recently, Stiff et al. (24) reported that DNA-PKcs plays a redundant, overlapping role with ATM in contributing to H2AX phosphorylation. Cells defective in DNAPKcs components are hypersensitive to killing by ionizing radiation due to an inability to repair DNA double-strand breaks effectively. Moreover, cells defective in DNA-PKcs are also unable to do V(D)J recombination, a site-specific recombination process that takes place in developing B and T lymphocytes (25) , which may implicate another role in cancer surveillance through DNA-PKcs.
To date, few molecular epidemiologic studies on the DNAPKcs genotypes and cancer susceptibility have been reported (15, 16) . Fu et al. reported that DNA-PKcs rs2213178 did not contribute to breast cancer risk in a case-control study of 254 breast cancer patients and 379 controls in a Chinese population (15) . Recently, Liu et al. (16) genotyped nine tSNPs in a case-control study of 771 glioma patients and 752 healthy controls and found no main effects of DNA-PKcs variants on glioma susceptibility. In the current study, several SNPs in DNA-PKcs showed protective effect on lung cancer risk and most of the positive loci showed a departure from Hardy-Weinberg equilibrium in controls, which may result from misclassification of the genotypes, selection bias of the population, or true effect on disease phenotype and evolution. For one of the genotyped SNPs, DNA-PKcs rs7003908, which did not agree with Hardy-Weinberg equilibrium in controls, two different genotyping methods were applied and the results were 100% consistent. For DNA-PKcs rs12334811, we genotyped manually by the PCR-RFLP assay. Because the wild-type allele had the restriction enzyme site, we regenotyped all the samples with variant alleles to see if the results were affected by enzyme quantity or quality and we also got 100% concordance. Therefore, misclassification of genotypes should not affect our result, if any. Furthermore, genotypes in controls in HapMap database for DNA-PKcs rs12334811 also departed from Hardy-Weinberg equilibrium, suggesting that our result was not simply a chance finding. However, our results need to be validated in larger studies, and how and whether evolution process affected allele frequency of DNAPKcs variants among different ethnic populations need further investigation. For ATM/ATR SNPs and lung cancer susceptibility, Zienolddiny et al. (14) reported that ATR Thr 211 Met (rs2227928) may contribute to lung cancer risk with a case-control study (343 cases and 413 controls) of Norwegian origin; Landi et al. (12) reported that variant homozygote of ATM rs609429 was associated with a decreased lung cancer risk in a case-control study of 299 youngonset lung cancer cases and 317 controls of Eastern European; and Kim et al. (13) showed that ATM rs664143 may alter lung cancer risk in a case-control study of 616 cases and 616 controls of Korean. All these SNPs could be captured by our genotyped ATM/ATR SNPs (see SNP selection). However, we did not find the significant main effect of the two tSNPs of ATM/ATR on lung cancer risk. The discrepancies between the reported studies and our current study may be due to potential selection bias, different ethnic background and environmental exposures, and/or small sample size with limited statistical power.
In conclusion, this is the first study that analyzed genetic variants in PIKK genes and lung cancer susceptibility. The findings need to be validated by larger studies with diverse populations. 
